A multiple-angle liquid crystal blazed grating beam deflector has been developed. It consists of a stack of liquid crystal blazed gratings where each layer can deflect incident light with very high efficiency into one of two different directions depending on the driving condition. Four steering angles (10.8°, 7.2°, 3.6°, OO) with about 70% diffraction efficiency are demonstrated within 15V. The device's working principle, design considerations, fabrication process, and characterization results are described.
INTRODUCTION
A non-mechanical beam steering device is an important component in many applications, such as optical interconnects, optical communications, projection displays, and optical data storage. However, beam deflectors that are commercially available or are in development require either high operating voltage' or complicated fabrication technology.2 The resulting devices are expensive, bulky, and exhibit high power consumption. In many applications, low cost and especially low power consumption are desired. One solution is to make a liquid crystal deflector since it can operate at low voltage and potentially can be low cost.
In this paper, a non-mechanical beam steering device using nematic liquid crystal (LC) is introduced. Although the target application is a holographic memory system, this device is also a good candidate for many other applications, such as fiber communications, micro-displays, and optical scanners. The paper is organized as follows. The operating principles and design considerations are described in Section 2; the fabrication process is described in Section 3, and finally the characterization results are presented in Section 4.
DESIGN CONSIDERATIONS
(1) Working basics Figure 1 is a cross section view of one layer of the LC beam deflector. A thin layer of nematic LC is sandwiched between a polyniethyl-methacrylate (PMMA) blazed grating and a transparent cover plate. The transparent metal indium tin oxide (ITO) layer deposited underneath the PMMA grating and another ITO layer coated on the bottom surface of cover plate are used to electrically drive the LC to change the phase information of the transmitted light. The essential idea to operate this LC/PMMA composite grating is to exploit the electro-optic effect of nematic LC,3 where its refractive index for extraordinary light can be continuously changed with the applied voltage. When no electric field is applied, the refractive indices of the PMMA substrate and LC are different, so that strong diffraction can be induced in this "OFF" state. The diffraction efficiency (D.E.) is determined by the grating parameters, such as depth, period, and blaze profile. When an electric field is applied, the refractive index of the LC is decreased, resulting in "index matching" between the PMMA and LC. The whole structure can then be considered as an optical flat plate, so that no diffraction occurs in the "ON" state. Hence the beam can either be deflected (the LC "OFF" state) or undeflected (the LC "ON" state).
The final beam deflector consists of a stack of LC blazed gratings with different grating periods. When stacking, the top grating's period is made to be twice the period of the bottom grating to make all steering angles clearly resolvable. By applying different driving conditions on each layer, multiple steering angles are easily achieved. Figure 2 illustrates the concept to realize multiple steering angles. The output can be one of four different outputs depending on different driving condition combinations. Obviously, the multiple angle deflector's D.E. is strongly depended on the each layer's D.E.. In addition, this LC device is a polarized beam deflector because the above-described electro-optic mechanism only works for extraordinary polarized light.
(2) Blazed grating diffraction analysis
To understand the behavior of this device, an analysis of the blazed grating diffraction is required. Considering the relatively large feature size of the device, a scalar theory analysis4 can be used. In this analysis, the aperture transmittance of the blazed grating is considered as a prism function P(x) (see Figure  3 ) convolved with a periodic grating function G(x):
(1) where G(x)6(x-mp)rect(xIA) (2) For the prism function P(x), the defect at duty cycle is also taken into account. So
where A(x) is defined as
Then the far field is the Fourier transform ofthis aperture transmittance,
Obviously, P results in a sinc function profile in the far field and its peak location is defmed by the prism depth d. G defmes the diffraction order locations and samples the prism-produced sinc function to define the fmal diffraction pattern. If the blazed grating is well designed so that the prism-produced Sinc function profile peaks at ls diffraction order position, then theoretically the 1st order will have 100% D.E. and all other diffraction orders will have zero D.E.. For our LC/PMMA blazed grating, the optimal design depth is calculated to be 2.67urn with a ideal profile (100% duty cycle).
(3) LC electro-optic effect A detailed analysis of the LC is also required since it plays a key role for dynamic steering. Normally the LC needs to be aligned to work properly. The homogeneous aligned nematic configuration ( Figure 4 ) is chosen for our deflector. When the driving voltage is applied, the LC molecule director tends to align itself along the electric field direction. According to Frank elastic continuum theory,3 the LC molecule director distribution will be stable when its net free energy is minimized. The net free energy Fnet of LC molecule director is represented as
Where n=(cosO, 0, sinO) is the LC molecule director, 0 is the director orientation angle, and K33 are the LC splay and bend elastic constant respectively, D is the electric displacement and E is the electric field. A numerical simulation was performed to predict the director distribution at different driving voltages. From this distribution, the refractive index information of LC can be easily obtained. Figure 5 shows the simulation results. The refractive index decreases with driving voltage after passing through the threshold voltage, which is about 1V for E7 LC. The following voltage loss calculation can be used to determine the voltage applied across the LC.
Maxwell's equation boundary condition for electrical fields is
DLCfl DPMMM 'Y = 0
Where D is the displacement and is the net free charge density which is zero in our analysis. The dielectric constants of LC and PMMA are about 18 and 3 respectively. Considering that there is a residual PMMA layer at the bottom of LCIPMMA grating, the effective voltage Veff on LC/PMMA grating can be obtained by the following equation:
Where Vappiy is the applied voltage and r is the ratio of the residual PMIMA layer depth and the depth summation of spacer and PMIMA grating. From this we can defme the real voltage on the LC VLC at different positions:
Where rr is the depth ratio between PMIMA grating and spacer at different locations. From calculations, only 18% to 60% of the driving voltage is applied on the LC with the parameters of 5j.tm spacer, O.6tm residual uniform PMMA layer, and PMMA grating depth of 2.67prn.
The phase delay caused by the LC/PMMA composite structure at different locations within one period was calculated at different applied voltages. Figure 7 shows that, although the voltage on the LC is different at different positions, the phases at those positions actually become more uniform at higher voltage. The reason is that the refractive index of LC is decreased at higher voltage, so that the phase delay gets compensated. This analysis improves our understanding of device's working principles in the "ON" state.
Normally, it is difficult to reach index matching between LC and PMMA at every location due to the applied voltage's non-uniform distribution. However, we can reach uniform phase distribution at every location at a higher voltage, which ensures the device's successful operation. In that sense, it is more meanmgftul to discuss the phase matching rather than the index matching.
FABRICATION PROCESS
The PMMA blazed gratings were fabricated by direct-write electron-beam lithography.5 The ITO-coated substrates were prepared by spinning in succession five layers of P1VDS4A to achieve a total thickness of -3.3 tim. Each deposition sequence included a bake-out for 60 minutes at 17O C. Prior to exposure, the sample was overcoated with 1 00 A of aluminum, which acted as a discharge layer preventing defocusing due to surface charge buildup. The E-beam exposure patterns for the blazed gratings were composed of square pixels (0.5 jtm for 5 tm period grating, 1 im for 10 tm period grating). Within each pixel, the Ebeam spot was rastered to uniformly expose the pixel area. The pixel doses were determined from the desired depths, taking into account the nonlinear depth versus dose response of the PMIIA and the E-beam proximity effect (backscattered dose from the substrate). The proximity effect for these substrates (50 kV acceleration voltage) was measured5 to have a Gaussian lie radius of 10.75 jtm and an integrated strength of 0.5 of the initial dose. Fourier transform deconvolution of the proximity effect function was performed on the pixelized dose profile as described in Ref 5. The gratings were exposed using a JEOL JBX-5D11 E-beam lithography system at 50 kV with a beam current of 4 nA, which corresponds to a spot size of '-0.3 rim. This is larger than would be used for precision lithography, but it somewhat smoothes the surface ofthe blazed grating and reduces writing time.
The total exposure time for each grating having an area 3.2 mm x 3.2 mm area was 70 minutes. After exposure, the aluminum overcoat was removed and the grating was developed in pure acetone using a Solitec spinner equipped with an electronically controlled Tridak resist dispenser. The substrate was spun at 1000 RPM while the acetone was squirted down at the center of rotation. At the end of 8 seconds, the acetone was abruptly cut off and replaced by a blast ofdry nitrogen. This quenched the development and at the same time dried the surface of the PMMA. Additional development steps with times as short as 0.5 seconds were used to achieve the desired grating depth. The depth was gauged by measuring the diffraction from a computer-generated hologram (on the same substrate) that was designed to produce a null zero order. Near the fmal depth, the grating profile was measured directly using a Digital Instruments Nanoscope III atomic force microscope. Figure 8 shows the final surface profile of the 10 micron period grating.
The LC filling process for PMMA blazed grating is described below. First, a glass plate is coated with a 20 12/ indium-tin-oxide transparent electrode to form the ITO glass. A polyimide solution (1% mass in NMI') is spun onto the ITO glass at 3000 rpm for 40 second and then baked at 200°C for 30 minute. The ITO glass is rubbed unidirectionally on a cloth to form a uniaxially buffered alignment layer. This cover glass plate is then affixed to the surface of the PMMA blazed grating, at a microscopic distance set by small drops of a mixture of chopped glass fibers and Norland6l UV-cured optical adhesive deposited on the periphery of the active area of the grating. The resulting cavity is filled with Merck E7 in nematic phase. The filling process has to be fmished in room temperature since the PMMA pattern can't withstand high temperature.
In the above process, we did not coat and rub the PMMA grating surface to get the homogeneous alignment as we did for the cover plate. The reason is that the E-beam fabricated blazed grating surface had tiny grooves (see Fig. 8 ) that can be utilized as the natural alignment layer if we fill LC along these grooves' direction. It is important that the cover plate's alignment direction must be parallel to the grating groves direction to reach the homogeneous alignment configuration.
Experiment and Discussion
For the experimental setup, a polarized beam was incident on the deflector with its polarization parallel to the LC alignment direction since it is a polarized beam deflector. Two DC-balanced 1KHz square waveforms are applied onto two LC blazed gratings respectively. A detector mounted on a scanning translation stage measures the far field intensity at each spot to get the D.E.
First, we determined the PIVDVIA blazed grating profile by combining three measurements. The first step is to use the AFM profile measurement data (Fig. 8) . However, the tip of AFM does not probe the deepest corner of the grating, so the depth measurement is not reliable. Nevertheless, it did accurately give us duty cycle information, which is used for the next two approaches. The second step is to compare the experimental and theoretical prediction for the diffraction ofPMMA blazed grating in free space. We then filled LC into the PMMA blazed grating and proceed the third step, which is to compare the experimental and theoretical prediction for the diffraction of the LC/PMMA composite grating without any applied voltage. The two fabricated PMMA blazed grating profiles' parameters were determined to be as follows: for the lOtm period sample, the depth is -2.74tm and the duty cycle is 82%; for the 5um period sample, the depth is 2.85um and the duty cycle is 9O%.
Next, we measured the intensity variations while scanning the driving voltage from zero to 8V for the two LC blazed gratings. As we can see from Figure 9 , the D.E.at a small voltages (1.5V and 2V for the lOtm and 5um samples respectively) are even higher than that at zero voltage for the OFF state. The reason is that the device's depth is slightly higher than the design optimal depth. As was discussed above in the scalar theory analysis, the prism produces a Sinc function which could shift the blaze at different diffraction orders with different prism depth.
6=2rth.nxd/?c (10) where is the phase difference, in is the refractive index difference between PMMA and LC, 2. is the illumination wavelength. If the depth d is slightly larger than the optimal one, 6 is larger than expected so that peak will be located to the right side of the desired position. We can shift the Sinc function peak back to the right order through keeping the same by reducing Em. This can be done for LC since its refractive index can be lowered by applying a small voltage. We call this small voltage as "virtual" OFF voltage of the LC deflector.
The above discussion also gives us a hint for the device fabrication. Actually what we should really care about during Pt'llvIA blazed grating fabrication is the grating shape rather than the strict control of depth.
As long as its depth is larger than the optimal design goal, the defect can always be compensated by using a "virtual" OFF voltage. This property helps us during the fabrication since accurate control of the depth is somewhat painstaking. (Of course, the depth can not exceed the design goal too much since it might cause other problems for the beam steering, say, the PMMA depth is large and the voltage loss is big so that a very large ON voltage will be needed to reach phase matching. Or, the depth is so large that the grating will be blazed at other higher orders, etc.)
Using this "virtual" OFF voltage trick, we first tested the two LC deflectors separately. The maximum applied voltage is 15V, considering that the voltage loss calculated before, the real voltage on LC is about 2.7V to 9V. For each deflector, the measured D.E.s at ON and OFF state are all in the range of 81 .7% to 88.6%. The crosstalk turns out to be very small. (The intensity ratios between the brightest spot and the second brightest spot are in the range of 32-4l) After that, we stacked the two deflectors together to form a four-angle deflector. The measurement data in Figure 10 shows that the steering efficiencies of those four angles are ranged from 66% to 75%. The intensity ratio between the strongest and second strongest spots is in the range of 13--21. The data from the characterization experiments are listed in Table 1 .
Finally, Figure 10 shows the beam steering spots. Four steering angles (10.8°, 7.2°, 3.6°, 0°) are obtained with a resolution of 3.6 0 
